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HIGHLIGHTS 


►  Carbon  aerogels  are  KOH-activated  at  various  weight  ratios  to  increase  their  porosity. 

►  Oxygen  and  nitrogen  functionalities  are  introduced  by  different  surface  treatments. 

►  The  gravimetric  capacitance  is  related  to  N2  adsorption-measured  microporosity. 

►  The  gravimetric  capacitance  linearly  decreases  with  increasing  particle  density. 

►  A  volumetric  capacitance  as  high  as  123  F  cm~3  is  obtained  with  an  O-doped  carbon. 
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Carbon  aerogels  are  obtained  by  carbonizing  organic  aerogels  prepared  by  polycondensation  reaction  of 
resorcinol  or  pyrocatechol  with  formaldehyde.  They  are  KOH-activated  at  two  KOH/carbon  ratios  to 
increase  pore  volume  and  surface  area.  Selected  samples  are  also  surface-treated  to  introduce  oxygen 
and  nitrogen  functionalities.  The  objectives  are  to  investigate  the  effect  of  porosity  and  surface  func¬ 
tionalities  on  the  electrochemical  capacitance  of  the  carbon  and  activated  carbon  aerogels.  Samples  are 
characterized  by  N2  and  C02  adsorption  at  -196  and  0  °C,  respectively,  immersion  calorimetry, 
temperature-programmed  desorption,  and  X-ray  photoelectron  spectroscopy  in  order  to  determine  their 
surface  area,  porosity,  and  surface  chemistry.  Two  series  of  samples  are  obtained:  one  micro-mesoporous 
and  the  other  basically  microporous.  A  surface  area  up  to  1935  m2  g  1  was  obtained  after  KOH  activation. 
Electrochemical  double-layer  capacitance  was  studied  by  cyclovoltammetry  and  chronopotentiometry 
with  a  three-electrode  cell,  using  Ag/AgCl  as  reference  electrode.  Gravimetric  capacitance  at  0.125  A  g  1 
is  related  to  N2  adsorption-measured  micropore  volume  and  mean  size  and  to  particle  density.  The 
highest  gravimetric  capacitance,  220  F  g~\  is  obtained  with  two  O-  and  N-doped  samples.  Volumetric 
capacitance  of  123  F  cm~3,  double  the  value  generally  needed  for  applications  in  small-volume  systems, 
is  obtained  with  a  largely  microporous  oxygen-doped  activated  carbon  aerogel. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  double  layer  (EDL)  capacitors  are  a  class  of 
electrochemical  energy  storage  devices  with  ideal  characteristics 
for  the  rapid  storage  and  release  of  energy  [1],  This  capability  is 
mainly  achieved  by  a  non-faradaic  mechanism  through  the  sepa¬ 
ration  of  ions  across  a  very  small  distance  in  the  double-layer  at  the 
electrode/electrolyte  interface,  and  it  is  dependent  on  the  surface 
area  of  the  electrode  and  the  accessibility  of  the  electrolyte  to  its 
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porosity.  Many  carbon  materials  are  good  candidates  for  utilization 
as  electrodes  in  EDL  capacitors  due  to  their  high  surface  area  and 
developed  porosity  [2,3]  and  there  have  been  a  number  of  reviews 
on  their  applications  in  these  devices  [4—7],  In  addition,  the  EDL 
capacitance  of  carbon  materials  can  be  improved  by  faradaic 
reactions  that  introduce  pseudocapacitance  phenomena  when 
surface  functionalities  such  as  oxygen  and  nitrogen  complexes  are 
present;  these  phenomena  are  attributable  to  changes  in  the  acid/ 
base  character  of  the  carbon  surface  and  the  presence  of  redox 
reactions  [2,3,8—11]. 

Carbon  gels  are  highly  versatile  porous  carbon  materials,  whose 
surface  area,  porosity,  and  surface  chemistry  can  be  controlled  by 
using  the  appropriate  ingredients  and  preparation  methods.  They 
can  be  prepared  with  high  purity  or  doped  with  other  elements  and 
are  obtainable  in  a  wide  variety  of  forms,  including  pellets, 
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microspheres,  irregular-shaped  powders,  and  films  [12,13].  These 
characteristics  make  carbon  gels  highly  suitable  for  applications  as 
EDL  capacitor  electrodes  [4-7,14-16], 

The  surface  area  and  microporosity  of  carbon  materials  can  be 
considerably  enhanced  by  chemical  activation  with  alkaline 
hydroxides  [  17—21  ],  which  impacts  on  their  EDL  capacitance.  In  the 
present  study,  carbon  aerogels  are  prepared  by  carbonizing  organic 
aerogels  obtained  from  the  polycondensation  reaction  of  resorcinol 
or  pyrocatechol  with  formaldehyde  under  basic  or  acid  conditions, 
respectively.  The  resulting  carbon  aerogels  are  KOH-activated  and 
surface-treated  to  introduce  surface  oxygen  and  nitrogen  func¬ 
tionalities.  The  objective  of  this  study  is  to  determine  the  effects  on 
EDL  capacitance  of  the  increase  in  surface  area  and  porosity  and  the 
changes  in  surface  chemistry. 

2.  Experimental 

2.1.  Sample  preparation 

Two  organic  aerogels,  OR  and  OP,  were  prepared  by  the  sol— gel 
polymerization  reaction  of  resorcinol  (R)  or  pyrocatechol  (P)  with 
formaldehyde  (F)  in  water  (W)  using  potassium  carbonate  or  oxalic 
acid  as  catalyst  (C),  according  to  the  recipes  in  Table  1.  The  R/F  or  P/F 
molar  ratio  was  0.5  and  the  R/W  or  P/W  ratio  was  0.132.  The  R/C  and 
P/C  molar  ratios  were  800  and  577,  respectively.  Mixtures  were 
stirred  to  obtain  a  homogeneous  solution  that  was  cast  into  glass 
molds  (45  cm  length  x  0.5  cm  i.d.).  Glass  molds  were  sealed,  and 
the  mixtures  were  cured  for  5  days  at  different  temperatures  up  to 
80  °C. 

After  the  curing  cycle,  the  gel  rods  were  cut  into  5  mm  pellets 
and  immersed  in  acetone  to  exchange  water.  Impregnated  acetone 
pellets  were  dried  with  supercritical  CO2.  Next,  dried  OR  and  OP 
aerogels  were  pyrolyzed  in  N2  flow  (300  cm3  min-1)  at  a  heating 
rate  of  1.5  °C  min-1  up  to  900  °C  with  a  soaking  time  of  5  h.  Carbon 
aerogels  will  be  referred  to  henceforth  as  samples  CR  and  CP, 
respectively. 

Portions  of  CR  and  CP  were  chemically  activated  with  KOH.  For 
this  purpose,  both  samples  were  ground  and  sieved  between  0.5  and 
1  mm  and  impregnated  with  a  KOH  aqueous  solution  to  give  KOH/ 
carbon  weight  ratios  of  2  and  4.  The  slurries  were  heated  at  60 0  C  for 
12  h  and  then  at  100  °C  to  dryness.  Samples  were  pyrolyzed  in  N2 
flow  (300  cm3  min-1 )  at  300  °C  for  3  h  and  then  at  840  °C  for  2  h  at 
a  heating  rate  of  10  °C  min-1.  Chemically  activated  samples  were 
washed  with  0.1  M  HC1  and  then  with  distilled  water  until  absence  of 
chloride  ions  in  washing  waters.  Activated  carbon  aerogels  are 
designated  henceforth  by  appending  the  KOH/C  weight  ratio  used,  2 
or  4,  to  the  names  of  the  carbon  aerogels  (CR  and  CP). 

Portions  of  CR4  and  CP4  were  treated  with  ammonium  perox- 
ydisulphate  and  melamine  to  introduce  surface  oxygen  and 
nitrogen  functionalities,  respectively.  The  oxidation  method  with 
ammonium  peroxydisulphate  was  similar  to  that  described  else¬ 
where  [22],  Oxidized  samples  so  obtained  are  designated  hence¬ 
forth  as  CR40  and  CP40.  Melamine  treatment  was  carried  out  by 
mixing  1  g  of  carbon  and  2  g  of  melamine  dissolved  in  20  mL 
ethanol.  The  slurry  was  stirred,  and  the  solvent  slowly  evaporated. 
The  residue  was  heated  in  N2  flow  (300  cm3  min-1)  at  750  °C  for 


Table  1 

Organic  aerogel  recipes  (formaldehyde,  0.224  mol;  total  water,  15.3  mL). 

Sample  Resorcinol  Pyrocatechol  Catalyst  Initial  pH 

mol  mol  mol 

OR  0.112  r  1.4  x  to-4  I<2C03  62 

OP  -  0.112  1.94  x  10~4  H2C2O4  1.7 


1  h.  This  treatment  largely  followed  a  previously  reported  method 
[23],  Samples  so  obtained  are  designated  henceforth  as  CR4N 
and  CP4N. 

2.2.  Sample  characterization 

Surface  area,  pore  texture,  and  surface  chemistry  were  deter¬ 
mined  by  N2  and  CO2  adsorption  at  -196  and  0  °C,  respectively, 
immersion  calorimetry  into  benzene  and  water,  temperature  pro¬ 
grammed  desorption  coupled  with  mass  spectrometry  (TPD)  and 
X-ray  photoelectron  spectroscopy  (XPS).  Adsorption  isotherms 
were  measured  with  an  Autosorb  1  from  Quantachrome  after 
outgassing  samples  overnight  at  110  °C  under  high  vacuum 
(10-6  mbar).  N2  adsorption  isotherms  were  analyzed  by  BET 
equation,  from  which  the  surface  area,  Sbet,  was  obtained. 

The  Dubinin-Radushkevich  (DR)  equation  was  applied  to  N2  and 
CO2  adsorption  isotherms  at  -196  and  0  °C,  respectively,  yielding 
the  micropore  volume,  W0,  and  the  characteristic  adsorption 
energy,  Eq.  The  mean  micropore  width,  Lq,  was  obtained  by 
applying  the  Stoecldi  [24]  equation  (1). 

Lo(nm)  m  10.8/(£0  -  11.4  kj  mol)  (1) 

This  equation  is  valid  for  Eq  values  between  42  and  20  kj  mol-1, 
which  correspond  to  pore  widths  between  0.35  and  1.3  nm. 

The  volume  of  nitrogen  adsorbed  at  a  relative  pressure  of  0.95, 
Vo.95,  was  obtained  from  the  N2  adsorption  isotherms,  which, 
according  to  Gurvitch’s  rule,  is  equivalent  to  the  addition  of  the 
micro-  and  meso-pore  volumes.  The  mesopore  volume,  Vmeso,  was 
obtained  from  the  difference  between  V0  95  and  Wo(N2). 

Mesopore  size  distributions  were  obtained  by  applying  the 
Barrett-Joyner-Halenda  (BJH)  method  to  the  adsorption  branch  of 
N2  adsorption-desorption  isotherms  of  type  IV  in  the  IUPAC  clas¬ 
sification  [25],  The  mean  size  of  mesopores,  dBjH,  was  calculated 
from  these  distributions.  The  particle  density,  p,  was  obtained  by 
mercury  picnometry  at  atmospheric  pressure. 

Immersion  enthalpies  into  benzene,  -  AHbenz.  and  water,  -  AHwater, 
were  determined  with  a  C80-D  Setaram  calorimeter.  Samples  were 
previously  outgassed  overnight  under  a  dynamic  vacuum  of 
10-6  mbar  at  120  °C.  Measurements  were  carried  out  at  30  °C  and  at 
least  twice  for  each  sample.  Both  immersion  enthalpies  were  used  to 
determine  the  hydrophobicity  (HF)  of  the  samples  according  to 
equation  (2) 

Hydrophobicity  =  1  -  (AHmater/AHbenz)  (2) 

TPD  was  performed  by  heating  samples  up  to  1000  °C  at 
10  °C  min-1  and  analyzing  the  CO  and  CO2  evolved  by  means  of 
a  model  Prisma  mass  spectrometer  from  Pfeiffer.  The  total  oxygen 
content,  Otpd,  was  calculated  from  the  amount  of  CO  and  CO2 
evolved.  The  total  N  content,  NChn.  was  determined  by  elemental 
analysis. 

XPS  was  performed  by  using  an  Escalab  200R  system  (VG 
Scientific  Co.)  equipped  with  MgKa  X-ray  source  (hy  =  1253.6  eV) 
and  hemispherical  electron  analyzer.  Survey  and  multi-region 
spectra  were  recorded  at  Cis,  0ls,  and  Nls  photoelectron  peaks. 
Each  spectral  region  of  photoelectron  interest  was  scanned  several 
times  to  obtain  good  signal-to-noise  ratios.  The  Cis  peak  at  284.6  eV 
was  used  as  internal  standard.  Given  that  the  depth  recorded  with 
this  technique  is  around  2—3  nm  below  the  external  surface,  it  gives 
the  surface  content  of  oxygen,  Oxps.  or  nitrogen  Nx ps- 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  carried  out  in  a  Biologic 
multichannel  potentiostat  at  room  temperature  using  1  M  H2SO4  as 
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black,  and  binder  (polytetrafluoroethylene,  PTFE)  at  a  mass  ratio  of 
80:10:10. 

Cyclic  voltammograms  (CVs)  were  obtained  at  different  scan 
rates,  and  the  gravimetric  capacitance,  Ccv  (F  g-1),  was  calculated 
from  these  curves  by  equation  (3) 


COT  = 


2m\V 


(3) 


where  E|/|  At  is  the  area  of  the  current  (A)  against  time  (s)  curve,  m 
the  mass  of  active  material  in  the  electrode  (g),  and  AV  the  potential 
window  (V).  Chronopotentiograms  were  performed  at  current 
loading  between  0.125  and  1  A  g“ 1  in  a  potential  interval  of 
0—0.75  V.  The  gravimetric  capacitance,  Cep  (F  g-1),  was  obtained 
from  these  measurements  by  equation  (4) 


CCp 


fdAt 

mAV 


(4) 


where  Id  is  the  discharge  current  (A),  At  the  discharge  time  (s),  and 
AV  the  potential  interval  (V). 


P/Po 

Fig.1.  N2  adsorption-desorption  isotherms  on  samples:  a)  CR(x,  *),  CR2  (<>,♦),  CR4 
(□,  ■),  CR40  (O,  •)  and  CR4N  (A,  A);  b)  CP  (x,  *),  CP2  (0,  ♦),  CP4(D,  ■),  CP40 
(O,  •)  and  CP4N  (A,  A). 


electrolyte,  a  typical  three-electrode  cell  with  Ag/AgCl  as  reference 
electrode,  and  Pt  wire  as  counter  electrode.  The  working  electrode 
was  a  graphite  paper  pasted  with  a  homogeneous  mixture  of  the 
finely  ground  carbon  aerogel  or  activated  carbon  aerogel,  acetylene 


3.  Results  and  discussion 

Carbonization  of  the  organic  aerogel  pellets  OR  and  OP  gives  rise 
to  a  similar  weight  loss  of  around  58%,  with  a  reduction  in  diameter 
(shrinkage)  of  29.8%  (sample  OR)  and  41.3%  (sample  OP). 

3.1.  Porosity  and  surface  area 

Fig.  la  and  b  depicts  the  N2  adsorption— desorption  isotherms  on 
the  different  activated  carbon  aerogels  and  their  respective  O-  and 
N-derivatives.  The  isotherms  on  the  CR  series  belong  to  type  IV  and 
show  a  hysteresis  loop  of  type  H2  according  to  the  IUPAC  classifi¬ 
cation  [25],  The  initial  part  of  these  isotherms,  at  low  relative 
pressures,  corresponds  to  micropore  filling.  Subsequently,  the 
adsorption  rises  steeply  with  increases  in  relative  pressure  due  to 
capillary  condensation  in  mesopores.  At  high  relative  pressures,  the 
amount  adsorbed  reaches  a  limiting  value  equal  to  the  sum  of 
micro-  and  meso-pore  volumes.  Figure  IS  in  Supplementary  data 
depicts  the  mesopore  size  distribution  obtained  by  applying  the 
BJH  method  to  these  isotherms. 

By  contrast,  the  isotherms  on  the  CP  series  belong  to  type  I, 
typical  of  microporous  solids.  However,  these  samples  also  contain 
some  mesopores,  because  the  N2  uptake  slightly  increases  at 
a  higher  relative  pressure  after  micropore  filling.  The  adsorption 
and  desorption  branches  of  the  isotherms  practically  coincide  in 
these  samples.  We  highlight  that  CP  exhibits  a  type  I  N2  adsorption 
isotherm,  whereas  another  sample  (POX-900)  [26],  prepared  with 
the  same  ingredients  (see  Table  1)  but  a  higher  volume  of  water 
(26.7  mL)  and  pH  (2.1),  gives  rise  to  type  IV  N2  adsorption 
isotherms.  This  indicates  that  the  amount  of  water  used  in  the 


Table  2 

Porosity  and  : 


Wo(N2) 

W0(C02) 

to(N2) 

Lo(C02) 


Sbet 


area  of  the  carbon  aerogels,  activated  carbon  aerogels,  and  their  O-  and  N-doped  derivatives. 


cm3  g  1 


CR  CR2 

“026  0.74 

0.27  0.59 

1.15  1.30 

0.65  0.82 

0.51  1.04 

0.25  0.30 

5.6  3.4 

0.61  0.46 

640  1796 


CR4  CR40 

"077  0.58 

0.53  0.41 

1.20  1.13 

0.86  0.70 

1.18  0.91 

0.41  0.33 

3.8  3.8 

0.40  0.51 

1935  1470 


CR4N  CP 

"069  004“ 

0.49  0.13 

1.19  0.88 

0.86  0.85 

1.06  0.05 

0.37  0.01 

3.8  nda 

0.36  0.88 

1750  90 


CP2 

0.30 

0.30 

0.73 

0.63 

0.40 

0.10 

nd 

0.83 

772 


CP4 


0.49 

0.34 

0.96 


0.12 

nd 

0.64 

1255 


CP40 


nd 

0.75 

855 


CP4N 

0.35 


0.84 

0.45 

0.10 

nd 

0.64 

898 


a  nd: 


:  determined. 
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recipe  and  hence  the  solution  pH  have  a  marked  impact  on  the 
mesoporosity  of  the  final  carbon  aerogel  and  therefore  on  the  shape 
of  the  N2  adsorption  isotherm. 

KOH-activation  considerably  increases  the  N2  uptake  of  carbon 
aerogels  CR  and  CP  at  all  relative  pressures.  Table  2  compiles  the 
porosity  and  surface  area  obtained  from  the  adsorption  isotherms. 
The  micropore  volume  obtained  from  C02  adsorption  at  0  °C  yields 
the  volume  of  narrow  micropores  or  ultramicropores  (below  about 
0.7— 0.8  nm  width),  whereas  the  total  micropore  volume  is  ob¬ 
tained  from  N2  adsorption  at  -196  °C  if  there  are  no  very  narrow 
micropores  or  pore  constrictions  at  their  entrance  [27,28], 

Both  micropore  volumes  are  similar  in  sample  CR,  indicating 
a  homogeneous  microporosity.  KOH-activation  of  CR  increases  the 
micropore  volume  and  results  in  Wo(N2)  >  Wo(C02).  The  micro¬ 
porosity  values  of  CR2  and  CR4  are  similar;  therefore,  the  increase 
in  KOH/carbon  weight  ratio  from  2  to  4  has  no  effect  on  this  type 
of  porosity.  However,  KOH-activation  and  the  rise  in  KOH/carbon 
ratio  increase  the  \7meso  of  sample  CR.  This  effect  has  been  docu¬ 
mented  for  activated  carbons  and  carbon  gels  [17-21],  Activation 
reduces  the  Lbjh  and  the  density,  in  this  case  due  to  the  increased 
porosity. 

Conversely,  W0(N2)  <  W0(CO2)  for  sample  CP,  indicating  the 
presence  of  micropores  that  have  very  narrow  or  constricted 
entrances,  preventing  the  access  of  N2  molecules  at  -196  °C.  KOH- 
activation  of  CP  increases  both  micropore  volumes,  and  the 
increase  in  KOH/carbon  weight  ratio  results  in  Wo(N2)  >  Wo(C02). 
The  Vmeso  value  of  CP  increases  with  the  activation,  but  the  meso- 
pore  volume  is  considerably  lower  in  these  samples  than  in  the  CR 
series.  Activation  also  decreases  the  particle  density  due  to  the 
increase  in  porosity.  These  results  demonstrate  that  the  CR  acti¬ 
vated  carbon  aerogel  samples  are  micro-mesoporous  materials, 
whereas  the  CP  samples  are  basically  microporous. 

Fixation  of  surface  oxygen  functionalities  on  CR4  to  obtain  CR40 
reduces  the  Wo(N2),  Wo(C02)  and  l/meso  but  not  the  Lbjh-  Oxidation 
of  CP4  to  obtain  CP40  reduces  the  Wo(N2)  and  l/meso.  The  reduction 
in  porosity  is  attributable  to  its  blocking  by  surface  oxygen  func¬ 
tionalities  and/or  to  the  destruction  of  micro-  and  meso-pore  walls 
by  the  oxidizing  treatment.  The  decrease  in  pore  volumes  brings 
about,  as  expected,  an  increase  in  particle  density. 

The  introduction  of  surface  nitrogen  functionalities  in  sample 
CR4  to  produce  sample  CR4N  also  reduces  pore  volumes,  although 
the  decrease  is  not  as  drastic  as  that  produced  by  the  oxidizing 
treatment.  However,  the  changes  in  porosity  in  sample  CP4N  are 
similar  to  those  in  CP40. 

Sbet  increases  with  higher  KOH/carbon  weight  ratio  during 
the  chemical  activation  of  the  carbon  aerogels,  reaching 
a  surface  area  as  high  as  1935  m2  g  1  for  sample  CR4.  The 
introduction  of  surface  oxygen  or  nitrogen  functionalities 
reduces  the  Sbet  value. 

3.2.  Surface  chemistry 

Table  3  compiles  the  amounts  of  CO  and  C02  evolved  up  to 
1000  °C,  the  Otpd  and  Oxps  contents,  the  immersion 
enthalpies,  -AHbenz  and  —AHW3ter,  and  the  hydrophobicity  of  the 
samples.  In  the  case  of  the  non-oxidized  samples,  Otpd  <  Oxps. 
which  is  typical  of  many  carbon  materials  and  is  produced  by 
oxygen  chemisorption  on  the  external  carbon  surface  after  expo¬ 
sure  to  the  atmosphere.  However,  Otpd  >  Oxps  in  the  oxidized 
samples  CR40  and  CP40,  indicating  that  the  oxidizing  treatment 
mainly  fixes  the  surface  oxygen  complexes  within  the  carbon  pores. 

The  amount  of  CO  evolved  up  to  1000  °C  is  always  higher  than 
the  amount  of  C02  evolved.  The  C02-  and  CO-desorption  profiles  of 
the  samples  with  increased  oxygen  content,  CR40  and  CP40,  are 
depicted  in  Fig.  2.  The  C02-desorption  profile  of  both  samples  show 


Table  3 

Amounts  of  CO  and  CO2  evolved  up  to  1000  °C,  oxygen  contents,  immersion 
enthalpy  into  benzene  and  water,  and  hydrophobicity  (HF)  of  the  carbon  aerogels, 
activated  carbon  aerogels,  and  their  O-  and  N-doped  derivatives. 


Sample  CO  C02 


CR  0.15  0.04 

CR2  1.01  0.24 

CR4  0.85  0.13 

CR40  6.55  3.36 

CR4N  0.19  0.04 

CP  0.31  0.10 

CP2  0.81  0.47 

CP4  0.86  0.22 

CP40  4.39  2.24 

CP4N  0.13  0.05 


Ojpd  Oxps  -AfW  -AH„ater  HF 

wt%  wt%  J  g-1  J  g-1 


0.37  5.7  86.8 

2.38  nd  nd 

1.78  5.9  215.0 

21.23  17.2  183.6 

0.04  6.1  198.2 

0.82  7.6  nd 

2.80  nd  nd 

2.08  7.9  149.8 

14.19  12.1  134.2 

037  6.9  127.6 


21.5 


206.4 

59.6 


51.1 

114.5 

38.3 


0.75 

nd 


0.70 


0.66 

0.15 

0.70 


a  well-defined  peak  corresponding  to  the  maximum  desorption 
rate  at  around  210-220  °C,  due  to  the  decomposition  of  carboxyl 
acid  groups  [22,29],  A  small  CO  desorption  peak  appears  in  the 
same  region  and  likely  derives  from  the  decomposition  of  carbonyl 


T  (°C) 


Fig.  2.  C02  ( □ )  and  CO  ( O )  desorption  profiles  from  TPD  of  samples:  a)  CR40  and  b) 
CP40. 
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O  (%) 

Fig.  3.  Relationship  between  the  hydrophobicity  (HF)  and  the  surface  ( O )  and  total 
(□)  oxygen  content  of  the  samples. 


Weight  percentages  of  total  (NChn)  and  surface  (Nxps)  nitrogen  contents  and  N 
functionalities. 


Sample  NCHn  Nxps  N-6  N-5  N-Q  N-X 

CR4N  17  14  40  37  18  5 

CP4N  1.5  1.4  35  34  23  8 


groups  into  a-substituted  ketones  and  aldehydes  [22,30],  After  the 
maximum  in  the  CC>2-desorption  profile,  there  is  a  tail  up  to  around 
1000  °C,  with  several  shoulders  and  plateaus  indicating  the  pres¬ 
ence  of  chemically  different  functionalities  such  as  lactones  and 
anhydrides,  or  the  same  oxygen  functionality  at  energetically 
different  sites  [31  ]. 

Interestingly,  sample  CP40  shows  a  CO2  desorption  peak  at 
a  high  temperature  (675  °C)  that  is  close  to  the  maximum  (720  °C) 
of  the  CO-desorption  profile.  This  is  because  there  is  a  secondary 
reaction  at  this  temperature,  e.g.,  the  Boudouard  reaction,  in  which 
the  evolved  CO  collides  with  other  surface  oxygen  complexes, 
producing  CO2  [32,33],  This  reaction  likely  takes  place  in  CP40  and 
not  in  CR40  because  the  former  is  a  microporous  sample  with 
negligible  mesoporosity  and  a  smaller  Lo(N2).  Hence,  CP40  offers 
more  favorable  conditions  for  the  collision  of  CO  molecules  with 
surface  oxygen  complexes  on  micropore  walls  in  comparison  to 
CR40. 

The  CO-desorption  profiles  of  both  samples  are  very  similar. 
After  the  first  CO  desorption  peak  reported  above,  a  wide 
desorption  peak  is  seen  with  a  maximum  centered  at  720  °C.  This 
peak  corresponds  to  the  desorption  of  functionalities  such  as 
anhydrides,  phenol,  carbonyl,  hydroquinones,  and  quinone-like 
structures. 

When  electrochemical  measurements  are  carried  out  in 
aqueous  acid  solutions,  quinone  and  hydroquinone  groups  origi¬ 
nate  pseudocapacitance  through  redox  reactions.  In  addition,  the 
CC>2-evolving  groups  have  an  acid  character  and  introduce 
electron-acceptor  properties  on  the  carbon  surface  that  also 
contribute  to  the  overall  capacitance  through  pseudocapacitance 
interactions  [10], 
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Fig.  3  shows  that  the  hydrophobicity  diminishes  linearly  with  an 
increase  in  the  oxygen  content,  either  Otpd  or  Oxps,  attributable  to 
the  increased  number  of  hydrophilic  polar  sites  with  oxygen 
content.  This  improves  the  wettability  of  the  carbon  surface  by  the 
electrolyte,  facilitating  the  EDL  formation.  However,  this  advantage 
can  be  offset  by  the  binding  of  oxygen  polar  groups  (mainly 
carboxyl  groups)  with  water  molecules,  hindering  and  retarding 
the  migration  of  the  electrolyte  into  the  pores,  thereby  increasing 
the  ohmic  resistance. 

The  Ois  XP  spectra  of  CR40  and  CP40  are  depicted  in 
Supplementary  data,  Figure  2S.  The  deconvoluted  spectra  show 
two  peaks  at  531.6  and  533.1  eV,  corresponding  to  double  C=0 
bonds  and  single  C-OH  bonds  [34],  respectively.  In  both  samples, 
the  relative  surface  concentrations  of  these  functionalities  are  35 
and  65%,  respectively.  Therefore,  functionalities  with  single  C— OH 
bonds  such  as  carboxyl,  hydroquinone,  and  phenol  groups 
predominate  in  these  oxidized  samples. 

The  Nls  XP  spectra  of  CR4N  and  CP4N  are  given  in 
Supplementary  data,  Figure  3S.  The  spectra  show  peaks  at:  398.7  eV 
(N-6),  400.6  eV  (N-5),  and  401.0  eV  (N-Q)  and  a  fourth  peak 
between  402  and  405  eV  (N— X)  The  N-6  and  N-5  peaks  correspond 
to  pyridinic  and  pyrrolic  or  pyridonic  nitrogen,  respectively.  The 
N-Q  peak  corresponds  to  quaternary  nitrogen.  The  fourth  peak, 
N-X,  is  due  to  certain  forms  of  nitrogen  oxide  and  nitrate  struc¬ 
tures  [35-37], 

N-6  and  N-5  functionalities  at  the  graphene  layer  edges 
enhance  the  carbon  basicity  [38]  through  a  strong  it  delocalization 
in  graphene  layers,  due  to  the  electron-rich  nature  of  these 
nitrogen  sites.  Therefore,  protons  from  the  electrolyte  can  be 
attracted  to  the  electrode  surface,  giving  rise  to  pseudocapacitive 
interactions  [39],  N— Q  functionalities  are  localized  within  the 
graphene  layers  and  produce  a  major  increase  in  the  HOMO 
energy  of  the  graphene  sheet  [40],  Because  of  this  increased 
HOMO  energy,  graphene  sheets  with  N—Q  functionalities  are  more 
positively  charged  when  used  as  anode  material  in  super¬ 
capacitors,  attracting  more  negatively-charged  ions  and  increasing 
the  capacitance. 

Table  4  lists  the  relative  surface  concentrations  of  these 
functionalities  and  the  total  and  surface  N  contents,  Nchn  and  Nxps, 
respectively.  These  two  values  are  similar,  indicating 


s  (mV/s) 

Fig.  5.  Variation  of  the  gravimetric  capacitance  (Ccv)  with  scan  rate.  Samples  CR  (x), 
CR2  (O).  CR4  (□),  CR40  (O),  CR4N  (A),  CP2  (♦),  CP4  (■),  CP40  (•),  and  CP4N  ( ▲ ). 


a  homogeneous  N  distribution  between  the  bulk  and  the  surface  of 
the  samples.  N-6  and  N-5  predominate  in  both  N-doped  activated 
carbon  aerogels.  The  original  activated  carbon  aerogels,  CR4  and 
CP4,  contain  no  nitrogen. 


Table  5 

Gravimetric  (Co.)  and  volumetric  (VCcP)  capacitances  at  0.125  A  g_1,  and  retention 
capacitance  at  1  A  g 


Sample  Ccp  VCcp 
_ F£* _ Fern"3 

CR  107  65 
CR2  217  100 
CR4  208  83 
CR40  221  113 
CR4N  224  81 
CP2  92  76 
CP4  183  117 
CP40  164  123 
CP4N  122  78 


78 

82 

82 

82 

83 

71 
73 

72 

73 
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3.3.  Electrochemical  double-layer  capacitance 

Fig.  4a— d  depicts  typical  CVs  at  0.5  mV  s  \  Samples  CR,  CR2,  CR4 
and  CP4  exhibit  CV  profiles  with  a  quasi-rectangular  shape.  In 
addition,  CVs  of  the  activated  carbon  aerogels  CR2,  CR4  and  CP4 
show  small  peaks  between  0.3  and  0.4  V  attributable  to  pseudo- 
faradaic  quinone/hydroquinone  redox  reactions  [2],  These  redox 
peaks  are  more  pronounced  in  the  oxidized  samples,  CR40  and 
CP40,  because  of  their  higher  oxygen  content  versus  CR4  and  CP4, 
respectively.  The  N-doped  activated  carbon  aerogels  CR4N  and 
CP4N  also  show  quasi-rectangular  CV  profiles,  with  a  small  peak 
around  0.4  V  in  the  positive  sweep  that  may  be  related  to  a  pseu- 
dofaradaic  contribution  of  surface  nitrogen  groups. 

The  CV  shape  of  the  activated  carbon  aerogel  CP2  is  non- 
rectangular  and  asymmetric  with  a  decrease  in  current  at  high 
potential,  indicating  a  deviation  from  the  ideal  double-layer 
capacitor.  This  CV  narrowing  at  high  potentials  is  a  consequence 
of  diffusional  limitations  of  the  hydrated  bisulfate  ions  into  the 
micropores,  which  produces  an  ion-sieving  effect  [41,42],  Thus,  the 
size  of  these  ions  [43]  is  around  0.53  nm,  and  the  Lq(N2)  value  of 
sample  CP2  is  the  narrowest  (0.73  nm)  among  all  studied  samples. 

As  shown  in  Fig.  5,  the  gravimetric  capacitance  Ccv  decreases 
when  the  scan  rate  increases  because  the  formation  of  the  EDL 
within  the  micropores  is  slower  and  less  complete  in  comparison  to 
the  rate  of  variation  in  potential.  Fig.  6a  and  b  depicts  typical 
chronopotentiograms  at  a  constant  current  load  of  0.125  A  g~\ 
Application  of  equation  (4)  to  these  curves  provides  the  gravimetric 


capacitance,  Ccb  values  in  Table  5.  Samples  CR40  and  CR4N  show 
the  highest  gravimetric  capacitance  among  all  samples  studied.  The 
slightly  higher  capacitance  than  that  of  their  parent  sample  (CR4) 
may  be  due  to  pseudofaradic  effects  introduced  by  the  high  oxygen 
content  of  CR40  and  N  content  of  CR4N.  However,  the  pseudofar- 
adaic  contributions  to  the  total  capacitance  of  CP40  and  CP4N  with 
regard  to  CP4  are  not  detectable. 

Fig.  7a  shows  that  Cep  increases  with  higher  total  micropore 
volume  within  the  range  studied  and  reaches  its  maximum  value 
when  Wo(N2)  is  between  0.6  and  0.75  cm3  g  '.  In  addition,  Cep 
linearly  increases  with  Lo(N2)  within  the  range  studied  (Fig.  7b). 
These  results  show  the  importance  of  the  volume  and  mean  size  of 
the  total  microporosity  in  the  EDL  formation.  Finally,  Cep  linearly 
decreases  when  the  particle  density  increases  within  the  range 
studied  (Fig.  7c),  due  to  the  decrease  in  porosity. 

However,  besides  the  gravimetric  capacitance,  a  high  volumetric 
capacitance  is  important  for  all  practical  applications.  This  involves 
the  use  of  carbon  electrode  materials  with  a  high  density,  which  is 
often  incompatible  with  a  developed  porosity.  Table  5  shows  the 
volumetric  capacitance,  VCcp,  at  0.125  A  g  \  Sample  CP40  has  the 
highest  VCcp  value  among  studied  samples,  123  F  cm-3,  although  its 
Cep  value  is  not  as  high  as  that  of  samples  CR40  and  CR4N,  due  to 
the  higher  p  value  (smaller  micro  and  mesopore  volumes)  of  CP40. 
The  elevated  VCcp  value  found  is  two-fold  higher  than  that  gener¬ 
ally  demanded  [4,44]  for  practical  applications,  60  F  cm-3.  This 
excellent  result  makes  sample  CP40  especially  suitable  for  use  in 
small-volume  devices,  e.g.  in  microelectronics  systems. 
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Cycles 


samples.  The  gravimetric  capacitance  also  linearly  decreases  with 
increasing  particle  density. 

The  highest  volumetric  capacitance.  123  F  cmJ,  is  obtained 
with  the  basically  microporous  O-doped  activated  carbon  aerogel 
(CP40),  although  it  does  not  show  the  highest  gravimetric  capaci¬ 
tance  (164  F  g-1).  It  is  noteworthy  that  the  volumetric  capacitance 
of  this  sample  is  two-fold  higher  than  is  required  for  practical 
applications,  supporting  its  suitability  for  utilization  in  small- 
volume  systems. 

Acknowledgments 

This  research  was  financed  by  the  Junta  de  Andalucia.  ZZB 
acknowledges  a  pre-doctoral  fellowship  from  COLCIENC1AS, 
Colombia. 

Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  online  at 
http://dx.doi.Org/10.1016/j.jpowsour.2012.07.036. 


Fig.  7d  depicts  the  variation  of  Cep  against  the  current  load  in  the 
interval  between  0.125  and  1  A  g  \  showing  a  decrease  in  its  value 
with  higher  current  load.  The  retention  of  capacitance  at  the 
highest  current  load  (Table  5)  is  greater  in  samples  from  CR  series 
(around  80%)  than  in  samples  from  CP  series  (around  70%).  This  is 
because  CR  series  samples  have  a  higher  volume  of  mesopores 
smaller  than  4  nm  in  comparison  to  the  CP  series,  favoring  the 
transport  of  ions  through  the  carbon  porosity  at  a  fast 
charge— discharge  rate. 

The  long-term  stability  of  electrodes  is  an  important  factor  that 
limits  the  application  of  carbon  materials  as  supercapacitors.  Fig.  8 
depicts  the  variation  in  gravimetric  capacitance  with  higher 
number  of  charge-discharge  cycles  at  0.5  A  g-1  and  in  a  potential 
range  between  0  and  0.75  V.  The  samples  exhibit  practically  no 
capacitance  fading  after  2000  cycles.  These  results  are  similar  to 
previous  findings  for  carbon  xerogels  [45]  and  activated  carbons 
[6,46,47], 


4.  Conclusions 

Two  series  of  carbon  and  activated  carbon  aerogels  were  ob¬ 
tained,  one  micro-mesoporous  and  the  other  basically  micropo¬ 
rous.  A  surface  area  as  high  as  1935  m2  g-1  is  obtained  after  KOH- 
activation  of  one  of  the  carbon  aerogels.  Introduction  of  surface  0 
and  N  functionalities  on  the  activated  carbon  aerogels  produces 
changes  in  porosity  and  surface  area  as  detected  by  N2  and  CO2 
adsorption  at  -196  and  0  °C,  respectively.  The  changes  also  affect 
the  surface  chemistry  of  the  samples.  Thus,  an  increase  in  the  total 
or  surface  oxygen  content  of  the  samples  produces  a  linear  decrease 
in  their  hydrophobicity. 

The  gravimetric  capacitance  increases  with  total  micropore 
volume,  reaching  the  maximum  value  between  0.6  and 
0.75  cm3  g~'  and  rising  linearly  with  the  mean  size  of  the  total 
microporosity  within  the  microporosity  range  studied.  The  highest 
gravimetric  capacitance  at  0.125  A  g  ',  around  220  F  g  \  is  obtained 
with  micro-mesoporous  0-  and  N-doped  activated  carbon  aerogels 
(CR40  and  CR4N).  The  retention  of  capacitance  at  1  A  g-1  is  around 
80%  in  these  samples  versus  70%  in  the  basically  microporous 
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